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INTRODUCTION
Cell-cycle control is fundamental to plant growth and development as well as environmental responses (Inze and De Veylder, 2006; De Veylder et al., 2007) . In plants, as in yeasts and animals, the cell cycle comprises mitosis, meiosis, and endoreduplication. Each form of cell cycle consists of multiple phases and its cell-cycle progression is governed by cyclins and cyclin-dependent kinases (CDKs) that control the expression of phase-specific genes and chromosome dynamics (Breuer et al., 2010) . Although regulation of the cell cycle by abiotic environmental factors has been studied extensively, recent studies have pointed to intriguing connections between cell-cycle control and pathogen responses (Bao and Hua, 2015) . Plant immunity against microbial pathogens consists of at least two layers of defence (Jones and Dangl, 2006) . In pathogen associated molecular pattern (PAMP), pattern triggered immunity (PTI) layer, recognition receptors (PRRs) recognize conserved pathogen features (PAMPs) to induce basal immune responses. In the second layer, effector-triggered immunity (ETI), disease resistance (R) proteins, often nucleotidebinding leucine-rich repeat (NLR) proteins, recognize effectors either directly or indirectly and induce stronger and faster defence responses than does the PTI. This ETI is often associated with programmed cell death (PCD). Plants also strike a balance between defence responses with growth and development for best fitness (Heil and Baldwin, 2002) , and the trade-off between growth and defence is evident from severe growth defects from upregulation of NLR genes (Gou and Hua, 2012) . PCD is a cell cycle in termination, and defence responses in ETI are intrinsically connected with this form of cell cycle. Activation of NLR proteins has been connected to hyperphosphorylation of a cell cycle regulator RETINOBLASTOMA-RELATED 1 (RBR1) to induce PCD and defence gene expression (Wang et al., 2014) . Recent studies also revealed the regulation of NLR gene expression by cell-cycle progression. For instance, dysfunction of the anaphase-promoting complex/cyclosome (APC/C), a cyclin-degrading ubiquitin E3 ligase, triggers immune response via upregulation of an NLR gene SNC1 (Bao et al., 2013) . In addition, pathogens are found to manipulate the cell-cycle progression of plants for their own propagation, while plants appear to modulate their cell-cycle progression to enhance resistance in both PTI and ETI (Bao and Hua, 2015) . The molecular connections of cell-cycle control and disease resistance are yet to be fully uncovered.
Recent studies have identified factors that affect both cell-cycle progression and plant immunity. The TCP15 gene encodes a member of the plant-specific bHLH transcription factor TCP (TEOSINTE BRANCHED 1, CYCLOIDEA, PCF1) family (Cubas et al., 1999; Martin-Trillo and Cubas, 2010) . It affects many stages of plant development, from seed germination to flower development (Kieffer et al., 2011; Steiner et al., 2012a, b; Daviere et al., 2014; Lucero et al., 2015; Resentini et al., 2015) . These roles are attributed to its transcriptional regulation of cell-cycle-related genes and phytohormone response genes (Li et al., 2012) . TCP15 is also found to regulate defence gene expression through antagonizing the function of a negative immune regulator SUPPRESSOR OF rps4-RLD1 (SRFR1) by proteinprotein interaction (Kim et al., 2014) .
Another factor that modulates both cell cycle and plant immunity is MOS1 (MODIFIER OF snc1-1). MOS1 is essential for the upregulation of a NLR gene SNC1 in the autoimmune mutants snc1 and bonzai1 (bon1) (Li et al., 2010a, b; Bao et al., 2014) . It does not appear to affect SNC1 expression through altering DNA methylation, but its regulation was postulated to be involved in chromatin modification (Li et al., 2010a (Li et al., , b, 2011 . MOS1 has also been found to regulate endoreduplication and flowering time and its loss of function (LOF) mutant is late flowering and has increased endoreduplication (Bao et al., 2014) . Intriguingly, this role of MOS1 is antagonized by Mitotic Arrest Deficient 1 (MAD1) encoding a component of spindle assembly checkpoint complex (SAC) (Bao et al., 2014) . The mos1 mutant has decreased expression of CYCD3;1 which is a D-type cyclin capable of restraining endoreduplication (Dewitte et al., 2007) . The MOS1 protein interacts with Suppressor of FRIGIDA 4 (SUF4), a transcriptional activator of the Flowering Locus C (FLC), to inhibit FLC expression and thus promote transition to flowering. The cell-cycle defect in the mos1 mutant can be suppressed by the LOF mutations of suf4 but not flc, indicating that the function of MOS1 in endoreduplication is not a direct effect from flowering time control (Bao et al., 2014) . The interaction between MOS1 and SUF4 suggests that MOS1 could function as a transcription regulator through its direct interaction with a transcription factor. This prompted us to look for potential transcription factors that mediate the function of MOS1 in immunity and cell-cycle regulation.
In this study, we found that the Arabidopsis TCP15 and its homologues interact with MOS1 and mediate the function of MOS1 in endoreduplication and immune response. Furthermore, TCP15 binds to the promoters of cell-cycle genes and the NLR gene SNC1, revealing its direct control over these two processes. This study thus suggests a molecular strategy in plants to coordinate development and immune responses.
RESULTS

MOS1 interacts with TCP15 and TCP14
MOS1 was found to interact with the Arabidopsis TCP family transcriptional factor TCP15 in a high-throughput yeasttwo-hybrid (Y2H) screen (Arabidopsis Interactome Mapping Consortium, 2011). Because MOS1 and TCP15 have both been implicated in modulating endoreduplication and immune response (Li et al., 2011; Bao et al., 2014; Kim et al., 2014) , we explored the potential MOS1-TCP15 interaction further. The physical interaction between the two proteins was first verified by the GAL4-based Y2H system. Yeasts that co-expressed GAL4 DNA-binding domain (BD) fused with MOS1 and the activation domain (AD) fused with TCP15 grew on the selection medium while yeasts coexpressing BD-MOS1 and AD or BD and AD-TCP15 did not (Figure 1a ), indicating that MOS1 could directly interact with TCP15 in yeasts. In plants, both proteins are nuclear localized when expressed as GFP fusion proteins in Arabidopsis protoplasts ( Figure S1a) . We further tested their interaction by bimolecular fluorescence complementation (BiFC) analysis. The MOS1 protein was fused with the carboxyl-terminal part of yellow fluorescent protein (YFPC) and TCP15 protein was fused with the amino-terminal part of yellow fluorescent protein (YFPN). In both Arabidopsis protoplasts and Nicotiana benthamiana (N. benthamiana) leaves, co-expression of MOS1-YFPC and TCP15-YFPN resulted in fluorescence signals in the nucleus, and no signals were detected when MOS1 and TCP15 were respectively co-expressed with a control protein (Figure 1b and S1b). This MOS1-TCP15 interaction was also observed in a split luciferase complementation assay (Fujikawa and Kato, 2007) . Co-expression of MOS1 fused with the C-terminus of Renilla luciferase (CLuc) and TCP15 fused with the N-terminus of Renilla luciferase (NLuc) in Arabidopsis protoplasts resulted in positive luciferase activity while co-expression of MOS1-CLuc with NLuc or TCP15-NLuc with CLuc did not ( Figure 1c ). These data indicate that MOS1 indeed can interact with TCP15 in plants.
TCP15 is closely related to several members in the class I TCP family (Navaud et al., 2007) . We tested the interactions between MOS1 and four other TCP members TCP14, TCP8, TCP22 and TCP23 by the Y2H assay. TCP14 exhibited a positive interaction with MOS1 while the other three TCPs did not (Figure S2a, b) . This finding suggests that MOS1 could potentially interact with other TCP members in addition to TCP15.
Repression of TCP members partially suppresses the autoimmunity in bon1
We next assessed the biological significance of the physical interaction of MOS1 and TCP15. The LOF mutation of TCP15 did not significantly alter the bon1 or bon1 mos1 phenotype. bon1 tcp15 exhibited a similar growth phenotype to bon1, while bon1 mos1 tcp15 triple mutant exhibited a similar phenotype to bon1 mos1 ( Figure S3a ). We then asked whether TCP15 and its homologues together could mediate the function of MOS1 in immunity. If so, the loss of functions of multiple TCPs might mimic the mos1 effect on bon1. To this end, we introduced into bon1 a dominant negative form of TCP15, TCP15SRDX, which was demonstrated to inhibit the function of TCP15 and its homologues (Hiratsu et al., 2003; Li et al., 2012) . Compared with bon1, the bon1 TCP15SRDX plant showed a much milder growth defect at early seedling stage (Figure 2a ). This rescue was also observed in later developmental stages although the effect appeared to be less pronounced ( Figure S3b) .
We subsequently tested whether the enhanced resistance in bon1 was also suppressed by TCP15SRDX via monitoring the growth of virulent bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 in these plants. No significant difference of bacterial growth was found between TCP15SRDX and Col-0 (Figure 2b ). However, more growth of pathogen was found in bon1 TCP15SRDX compared with bon1, indicating that TCP15SRDX reduces the immunity in bon1.
As the growth defect and defence phenotype of bon1 is caused by SNC1 upregulation and subsequent activation of salicylic acid (SA)-mediated defence responses (Yang and Hua, 2004) , we analyzed the expression of SNC1 and SA responsive marker gene PR1 in bon1 TCP15SRDX by qRT-PCR. Consistent with previous reports, expressions of SNC1 and PR1 in bon1 were increased by about 2-fold and 60-fold respectively compared with the Col-0 wild-type. In bon1 TCP15SRDX, the elevated SNC1 expression observed in bon1 was reduced to a level comparable with the wildtype Col-0 (Figure 2c) . Similarly, expression of PR1 in bon1 was greatly reduced by TCP15SRDX (Figure 2d ). These data indicate TCP15 and its homologues could modulate SNC1 expression and they may function similarly to MOS1.
TCP15 promotes SNC1 expression in a MOS1-dependent manner
We further asked whether TCP overexpression could increase SNC1 expression. We used a previously described pTA::TCP15 transgene to induce high expression of TCP15 by dexamethasone (DEX) (Li et al., 2012) . The pTA::TCP15 and pTA::TCP15 mos1 plants were treated with 30 lm DEX at 12 days after germination (DAG). The expression of TCP15 was increased by DEX induction in seedlings at 12 DAG compared with seedlings treated with water (Figure S4a) . With DEX treatment, the expression of SNC1 was increased compared with plants treated with water (Figure 2e) , indicating that TCP15 overexpression is sufficient to upregulate SNC1. In addition, we found that this upregulation of SNC1 by TCP15 is dependent on MOS1. When the pTA::TCP15 transgene was introduced into mos1 by genetic crosses, DEX treatment induced TCP15 expression but not SNC1 expression in mos1 (Figure 2e ). This finding suggests that TCP15 requires MOS1 to promote expression of SNC1.
TCP15 and MOS1 are associated with the promoter regions of SNC1
As TCP15 and its homologues are required for the increased expression of SNC1 in bon1 (Figure 2 ), we asked if SNC1 could be a direct transcriptional target of the TCP15 protein. Because a 2 kb DNA fragment 5 0 to the translation start site of SNC1 is sufficient to confer an induction of SNC1 in bon1 (Li et al., 2007) , we searched in this fragment for the consensus binding sequence of the class I TCP 'GGNCC' (Kosugi and Ohashi, 2002; Aggarwal et al., 2010) . Three such elements were identified and they start at À1948, À1747, and À1740 bp relative to the translation start site of SNC1 respectively ( Figure 3a ). To determine whether or not these elements could be binding sites of TCP15, we first performed a yeast-one-hybrid (Y1H) assay to test direct binding of proteins to DNA sequences (Liu et al., 1993) . The segment of À1761 to À1711 bp relative to the SNC1 translation start site containing two GGNCC elements were cloned and inserted as triple repeats into the promoter region of a reporter gene HIS3 to generate a PSNC1-BR (bait-reporter) construct. Yeasts that co-expressed this PSNC1-BR construct and a fusion protein of TCP15 with a transcriptional AD were capable of growing on the selection medium, while yeasts co-expressing PSNC1-BR and AD constructs or BR and AD-TCP15 constructs were not (Figure 3b ). This result indicates that TCP15 can physically bind to this element in the SNC1 promoter region.
We further performed chromatin immunoprecipitation (ChIP) analysis to test this association in planta. A GFP fusion of TCP15 (GFP-TCP15) was expressed under the 35S promoter in Arabidopsis protoplasts, and a GFP fusion of a bHLH transcriptional factor bZIP53 was used as control. Chromatins associated with GFP-TCP15 and GFP-bZIP53 were each immuno precipitated (IPed) with anti-GFP antibodies, and the precipitated chromatins were analyzed by quantitative (q)PCR for abundance of regions containing elements starting at À1948 bp (named region 1) or À1747 bp and À1740 bp (named region 2) relative to the translation initiation site as well as a control region (region 3) in the SNC1 promoter (Figure 3a) . With ChIP of the GFP-TCP15 protein, the antibody (Ab) IPed sample had an increase in signal of 50-fold at region 1, 6.5-fold at region 2, and 2-fold at region 3 compared with the control sample without antibody (no Ab) (Figure 3c -e). For ChIP with the control GFPÀbZIP53 protein, no enrichment of signal was observed in Ab sample compared with the no Ab sample for regions 2 and 3, and there was only a 2-fold increase at region 1 (Figure 3c-e) . This finding indicates that TCP15 is physically associated with regions 1 and 2 of the SNC1 promoter region.
Because TCP15 interacts with MOS1 and they both affect the expression of SNC1, we further tested the binding of the MOS1 protein to the SNC1 promoter using ChIP. A GFP fusion of MOS1 (GFP-MOS1) was expressed under the 35S promoter in Arabidopsis protoplasts and chromatin associated with GFP-MOS1 was precipitated with anti-GFP antibodies. The presence of the three regions of the SNC1 promoter was detected by qPCR ( Figure 3a) . The Ab IPed sample had a 5.3-fold increase of signal at region 1, a 3-fold increase at region 2, and no enrichment at region 3 (Figure 3f ). These data indicate that MOS1 and TCP15 are physically associated with the same or close-by positions in the SNC1 promoter.
MOS1 enhances the association of TCP15 with the SNC1 promoter
The MOS1 dependence of TCP15 function in SNC1 expression regulation supports a biological relevance of the interaction of these two proteins. MOS1 might facilitate the binding of TCPs to the SNC1 promoter or TCPs might recruit MOS1 to the promoter. To differentiate these two models, we performed ChIP assay on the GFP-TCP15 protein to the SNC1 promoter in the wild-type Col-0 and the mos1-6 mutant using the protoplast expression system. Chromatin associated with GFP-TCP15 was precipitated with anti-GFP antibodies, and the abundance of promoter regions of SNC1 and a control gene RBR1 was detected by qPCR. RBR1 serves as a control gene as it was shown to be a binding target of TCP15 (Li et al., 2012) . The relative fold enrichment (Ab versus no Ab) of the SNC1 promoter region 1 was 26 in Col-0, significantly higher than 16 in mos1, while the relative fold enrichment at the RBR1 promoter regions was the same in Col-0 and mos1 (Figure 4 ). This result indicates that the binding of TCP15 to the SNC1 promoter is enhanced by MOS1.
TCP15 overexpression suppresses the endoreduplication defect in mos1
We further investigated whether or not the interaction of TCP15 and MOS1 also contributes to modulation of cellcycle progression. Ploidy level was measured in the tcp8 tcp14 tcp15 triple mutant to reduce potential functional redundancy among the TCP members. A reduction in 2C cells and an increase in 32C cells were found in the tcp8 tcp14 tcp15, similarly to the mos1 mutant (Figure 5a ). Correspondingly, the ploidy index was 2.57 in tcp8 tcp14 tcp15 and 2.56 in mos1, both higher than the index of 2.31 in the wild-type Col-0 (Figure 5a ). Therefore, TCP15 and its homologues have an effect on endoreduplication similar to MOS1.
We next analyzed the genetic interaction between TCP15 and MOS1 in cell-cycle modulation. Overexpression of TCP15 by dexamethasone (DEX) induction in the pTA:: TCP15 transgene has been found to reduce endoreduplication (Li et al., 2012) , while the loss of MOS1 function leads to increased endoreduplication (Bao et al., 2014) . We therefore compared ploidy distribution in plants of Col-0, pTA:: TCP15, mos1, and pTA::TCP15 mos1. In the control water treatment, the mos1 and mos1 pTA::TCP15 had a higher endoreduplication than the Col-0 and pTA::TCP15. The ploidy indices were 2.56 in Col-0, 2.86 in mos1-6, 2.59 in pTA::TCP15, and 2.86 in mos1 pTA::TCP15 respectively (Figure 5d ). No significant difference was observed on ploidy level in Col-0 plants or mos1 plants with or without DEX treatment, indicating that DEX treatment itself does not affect endoreduplication (Figure 5b,c) . DEX treatment decreased ploidy levels in mos1 pTA::TCP15 plants: the portion of 8C and 16C cells decreased from 36 to 29% and 26 to 6% respectively, and the portion of 2C and 4C cells increased from 14 to 26% and 22 to 38% respectively (Figure 5b,c) . Correspondingly, the ploidy indices were similar between pTA::TCP15 (2.21) and mos1 pTA::TCP15 (2.22) with DEX treatment, unlike those with water treatment (Figure 5d ). Therefore, TCP15 overexpression suppressed the defect of increased endoreduplication in mos1.
In addition, TCP15 overexpression reversed the enlarged rosette area phenotype in mos1. Without DEX treatment, the rosettes of mos1 pTA::TCP15 had an area of 6.2 cm 2 on average, larger than the area of 3.9 cm 2 in pTA::TCP15. 2.3 cm 2 respectively, both smaller than the wild-type (Figure S4b,c). Taken together, these findings indicate that MOS1 impact endoreduplication likely through TCP15 and its homologues although the possibility that they independently regulate endoreduplication cannot be excluded at this point.
CYCD3;1 may mediate the endoreduplication effect of mos1
Because TCP15 overexpression rescues the endoreduplication defect of mos1, we investigated the possibility that MOS1 and TCP15 form a complex to regulate the expression of a cell-cycle gene directly to affect cell-cycle progression. To identify the cell-cycle phase affected by MOS1, we analyzed the expression of five cell-cycle genes that have expression in specific cell-cycle phases in mos1. CDT1 and MCM2 are both associated with the G1/S transition and early S-phase; CYCD3;1 is predominantly at the G1/S transition; PCNA1 is expressed throughout S-phase; and CDC20.1 is expressed at the G2/M transition (Menges et al., 2002; Kevei et al., 2011; Hudik et al., 2014) . We chose the fifth true leaf from plants whose eighth and ninth true leaves just became visible, so that the selected leaves were at a comparable developmental stage. Based on quantitative reverse transcription (qRT)-PCR, the mos1 mutant did not show altered expression of CDT1a, MCM2, or PCNA1 compared with the wild-type Col-0 (Figure 6a ). In contrast, expressions of CYCD3;1 and CDC20.1 were reduced by 42% and 36% respectively in mos1 compared with the wild-type (Figure 6a ; Bao et al., 2014) . These data indicate that the expression of some cell-cycle genes is altered in mos1.
As overexpression of CYCD3;1 was reported to increase mitosis and reduce endoreduplication (Dewitte et al., 2003; Menges et al., 2006) , we asked whether or not the reduced expression of CYCD3;1 can be the cause of increased endoreduplication in mos1. We introduced a CYCD3; 1-overexpression construct CYCD3;1oe into mos1 by crossing, and analyzed ploidy distribution in the cotyledons of mos1 CYCD3;1oe. At 8 DAG, Col-0 had a ploidy profile of 45.3% 2C, 49.7% 4C, 2.2% 8C and 0.1% 16C, while the mos1 mutant had a higher ploidy level with a ploidy profile of 37.4% 2C, 50.2% 4C, 11.6% 8C and 0.1% 16C (Figure 6b) . The mos1 CYCD3;1oe had a ploidy profile of 67% 2C, 27.4% 4C, 2.8% 8C and 0.3% 16C, which was very similar to that of CYCD3;1oe with 65.2% 2C, 27.6% 4C, 4.9% 8C and 0.5% 16C (Figure 6b ). Both had a dramatic reduction of ploidy level compared with the wild-type Col-0 or mos1-6. Correspondingly, the ploidy indices were 1.58 in Col-0, 1.76 in mos1-6, 1.37 in CYCD3;1oe and 1.29 in mos1 CYCD3;1oe (Figure 6c) . Therefore, the endoreduplication defect in mos1 can be overcome or masked by CYCD3;1 overexpression. In addition, we generated double LOF cycd3;1 mos1 mutant and compared its ploidy level to those of the single mutants. The ploidy indices were 2.66 in Col-0, 2.80 in mos1, 2.90 in cycd3;1 and 2.76 in mos1 cycd3;1 (Figure 6d ). Both mos1 and cycd3;1 had an enhanced endoreduplication compared with the wild-type Col-0, and their double mutant mos1 cycd3;1 had a similar enhancement to the single mutants. This finding suggests that CYCD3;1 and MOS1 function in the same pathway to affect endoreduplication.
TCP 15 overexpression enhances expression of CYCD3;1
We then tested if this reduction of CYCD3;1 expression in mos1 results from a reduced activity of TCP15 in mos1 by over-expressing TCP15 in mos1. The pTA::TCP15 and mos1 pTA::TCP15 seedlings were treated with DEX or water at 11 DAG, and gene expression was analyzed at 12 DAG by qRT-PCR using whole seedlings. The expression of CYCD3;1 was elevated to 1.7-fold in pTA::TCP15 by DEX treatment. As expected, CYCD3;1 expression was reduced in mos1 pTA::TCP15 compared with pTA:TCP15 without DEX treatment. DEX treatment increased CYCD3;1 expression by 6-fold in pTA::TCP15 mos1 compared with pTA:: TCP15, leading to a comparable level of expression CYCD3;1 between DEX-treated pTA::TCP15 and mos1 pTA:: TCP15 (Figure 6e ). This finding indicates that TCP15 and its homologues can promote the expression of CYCD3;1 and overcome the reduced expression of CYCD3;1 in the mos1 mutant.
CYCD3;1 overexpression enhances immune responses
Overexpression of CYCD3;1 resulted in stunned growth, which has been attributed to smaller cells (Figure 7a ; Menges et al., 2006) . The growth defect resembles the phenotype of some autoimmune mutants such as bon1, which promoted us to analyze the expression of SA responsive defence marker gene PR1 in the CYCD3;1oe transgenic plants. The qRT-PCR analysis revealed a large increase of PR1 expression in CYCD3;1oe compared with the wild-type Col-0 (Figure 7b) . Furthermore, the growth of the virulent pathogen Pst DC3000 was greatly reduced in the CYCD3;1oe line compared with that in the wild-type (Figure 7c) . Therefore, overexpression of CYCD3;1 not only alters cell-cycle progression but also dramatically increases disease resistance.
We analyzed the expression of SNC1 in the CYCD3;1oe transgenic plants because it was previously shown to be affected by cell-cycle perturbation (Bao et al., 2013) . Indeed, the SNC1 transcript had a 20-fold increase in the CYCD3;1oe plants compared with the wild-type Col-0 (Figure 7d) . Interestingly, this increase of SNC1 expression was abolished by the mos1 mutation, and its expression in CYCD3;1oe mos1 was comparable with that in mos1 (Figure 7d) . Similarly, but to a much less extent, PR1 expression relative to that in the wild-type was reduced from 3000-fold in CYCD3;1oe to 2000-fold in CYCD3;1oe mos1 ( Figure 7b) . However, the mos1 mutation did not suppress the defence or growth defects of CYCD3;1oe (Figure 7a ). The CYCD3;1oe mos1 plant had a similar size to that of the CYCD3;1oe plant, and the CYCD3;1oe mos1 plant exhibited the same enhanced resistance to Pst DC3000 as the CYCD3;1oe plant (Figure 7c) . Therefore, elevated CYCD3;1 expression increases plant immunity and a MOS1-dependent SNC1 expression.
DISCUSSION
In this study, we provide evidence that MOS1 and TCP15 physically interact with each other and function together to modulate plant immunity probably through regulation of the plant immune receptor gene SNC1. MOS1 is required for the higher expression of SNC1 in bon1 (Bao et al., 2014) , which can be suppressed by a dominant negative form of TCP15 but not the loss of TCP15 function alone (Figures 2 and S3 ). In addition, overexpression of TCP15 induces SNC1 expression in a MOS1-dependent manner. Considering the functional redundancy among the class I TCP family members, the collective function of TCP15 and some of its homologues is essential for the constitutive expression of SNC1 similar to the function of MOS1. Expression of SNC1 is tightly controlled, as even a slight increase in its expression could lead to autoimmunity (Gou and Hua, 2012) . Three class I TCP proteins TCP8, TCP14, and TCP15 were previously shown to physically and genetically interact with SRFR1 (Kim et al., 2014) . We did not find a direct interaction between MOS1 and SRFR1 (Figure S5 ), but the LOF mutation of MOS1 rescued the autoimmunity in srfr1 ( Figure S5 ). This observation supports a close functional connection among MOS1, SRFR1, and TCPs. As MOS1 and SRFR1 may both directly interact with TCP15 and its homologues to induce the expression of SNC1, they may antagonize each other's activity in influencing the several TCP activities on the transcriptional control of SNC1. This control could be another layer of regulation of SNC1 by SRFR1, in addition to its earlier reported function in inhibiting the stability of the SNC1 protein (Li et al., 2010a, b) . We hypothesize that several TCP proteins are bilaterally controlled by MOS1 and SRFR1, and they have functional redundancy in immunity control which could ensure a tight and fine tuning over plant immune receptors such as SNC1. TCP14 and TCP15 are potential targets of pathogen effectors (Mukhtar et al., 2011) , the function of TCP15 and potentially TCP14 in promoting the expression of SNC1 suggests that these effectors may target TCPs to overcome ETI. This finding supports the hypothesis that pathogen and plants are engaged in a constant battle with pathogens evolving new effectors to inhibit plant ETIs that recognize existing effectors.
Although many factors were identified to affect SNC1 transcript expression, we provide evidence that TCP15 could physically associate with the SNC1 promoter and enhance SNC1 expression. Therefore, TCP15 is likely the first transcription factor identified for the SNC1 expression (Figure 3) . Furthermore, MOS1 is associated with the SNC1 promoter at the same regions as TCP15 and enhances TCP15 binding to the promoter (Figures 3 and 4) . These findings indicate that MOS1 directly interacts with TCP15 and enhances its binding to the promoter to active the expression of SNC1. (Figure S8a ).
MOS1 and TCP15 are both involved in cell-cycle modulation, and the mos1 mutants have increased endoreduplication in leaves (Li et al., 2012; Bao et al., 2014) . A previous study identified a physical interaction of MOS1 with MAD2, a component of SAC, and revealed an antagonistic function between MOS1 and MAD1, another SAC component (Bao et al., 2014) . The role of MOS1 in cell-cycle modulation could be attributed to its effect on the SAC components, because SAC arrests cell cycle in yeast and animals at M phase until all kinetochores are correctly attached. Interestingly, TCP14, the closest homologue of TCP15, could interact with MAD1 in the Y2H and BiFC assays (Figure S6 ), supporting the hypothesis that SAC components might be associated with transcriptional regulators. In addition, the physical and genetic interaction of MOS1 with TCP15 in cell cycle control suggests an intriguing possibility that MOS1 might modulate cell cycle via a transcriptional regulation. Indeed, MOS1 has been found to regulate gene expression through interaction with transcription factors. In flowering time control, MOS1 interacts with the transcription factor SUF4 to regulate FLC. In immunity, it interacts with TCPs to regulate the expression of SNC1.
It is yet to be determined if MOS1 interacts with TCPs or other transcription factors to regulate cell cycle, because the direct transcription target of MOS1 in cell cycle has not been identified. Nevertheless, we found that CYCD3;1 is a functional regulatory target for both MOS1 and TCP15. The decrease of CYCD3;1 expression is responsible at least partly for the cell-cycle defect in mos1. Overexpression of CYCD3;1 reversed the cell-cycle defect in mos1 ( Figure 6b , c); and TCP15 overexpression upregulated CYCD3;1 expression and reverted the cell-cycle defect of mos1 (Figure 6d ). It is plausible that MOS1 promotes TCP15 in enhancing the expression of CYCD3;1 similarly to that of SNC1. However, there is no recognizable class I TCP protein binding site in the putative promoter region (up to the stop codon of the neighbouring gene) of CYCD3;1 and we did not observe any binding of TCP15 to this fragment of approximate 1 kb in the Y1H or the ChIP assays ( Figure S7a,b) . It remains possible, though, that another TCP might directly regulate the expression of CYCD3;1.
As we attempted to dissect the immunity and cell-cycle modulation by looking for separate targets of MOS1 in each role, we again observed an intertwine between these two processes. Most strikingly, the CYCD3;1 gene that mediates the cell-cycle function of MOS1 confers an enhanced disease resistance when overexpressed. The enhanced resistance is associated with higher expression of a plant immune receptor gene SNC1 and likely other NLR genes ( Figure 7 ). As CYCD3;1 directly governs cellcycle progression, it is apparent that a change of cell cycle alone directly alters the expression of NLR genes, which is consistent with the earlier observation of the role of CYCB1;1 in affecting the expression of NLR gene SNC1 when APC/C activities are perturbed (Bao et al., 2013) . Biotrophic pathogens are shown to manipulate host cell cycles presumably for better nutrient acquisition (Wildermuth, 2010) . Perhaps this manipulation also tunes down host immunity by decreasing the NLR genes expression. Thus, MOS1 and TCP15 could modulate plant immunity via affecting the expression of immunity genes such as NLR genes as well as cell-cycle genes that impacts immunity. However, based on the evidence so far, we still could not exclude the possibility that the MOS1-and TCP15-mediated cell cycle changes resulted from SNC1-dependent autoimmunity. In any case, these findings support the idea that cell cycle and immunity are coordinated at multiple levels ( Figure S8b ). Manipulation of cell-cycle progression by altering cell-cycle gene expression could affect the immune response, which would explain the frequent use of cell-cycle regulators by plants or pathogens for resistance or pathogenicity.
In summary, MOS1 regulates plant immunity and endoreduplication probably through its interaction with TCP15 and other transcription factors. The immunity function of MOS1 comes mostly from the direct binding of TCP15 to the promoter of plant immune receptor gene SNC1 to enhance its expression. The co-regulation by MOS1 and TCPs on immunity and cell-cycle regulations suggests a molecular mechanism for a higher level or coordination between the two processes to achieve a balance between growth and defence.
EXPERIMENTAL PROCEDURES Yeast two-hybrid and bimolecular fluorescence complementation assays
The cDNAs of TCP8, TCP14, TCP15, TCP22, TCP23, MOS1 and MAD1 genes were cloned into the Gateway entry vectors pCR â 8 or TOPO â TA vector (Invitrogen, https://www.thermofisher.com/us/ en/home/brands/invitrogen.html). For Y2H analysis, pDEST-GADT7-MOS1 and pDEST-GADT7-MAD1 were described previously (Bao et al., 2014) . TCP8, TCP14, TCP15, TCP22 and TCP23 were cloned into the destination vector pDEST-GBKT7 using LR clonase (Invitrogen) and Y2H assays were performed according to the user manual of Matchmaker Gold Yeast Two-Hybrid System (Clontech Laboratories, Inc., https://www.clontech.com). For BiFC analysis, control constructs pSPYCE-35GW-OSD1cDNA and pSPYNE-35GW-OSD1cDNA were described previously (Bao et al., 2014) . MOS1 was cloned into the destination vector pSPYCE-35SGW and pUC-SPYCEGW. MAD1 was cloned into pSPYCE-35SGW. TCP15 was cloned into pSPYNE-35SGW and pUC-SPY-CEGW. The binary vectors were transformed into the Agrobacterium strain GV3101. Transformation in N. benthamiana was performed as previously described (Walter et al., 2004) . Images were captured by a Leica TCS-SP5 confocal microscope (Leica Microsystems, https://www.leica-microsystems.com) with excitation wavelength at 488 nm, and emission wavelength between 520-535 nm for YFP signals. Protoplasts were isolated from 14-day-old Col-0 seedlings grown on half-strength MS plates at 22°C under a 12-h light photoperiod as previously described (Zhai et al., 2009) . Transformation in protoplast was performed as previously described (Walter et al., 2004) . Images in protoplast were captured by Leica DM5500 Epifluorescence Microscope (Leica Microsystems).
Growth conditions and treatments
For morphological phenotyping, plants were grown at 22°C under constant light with 50% humidity. For transcriptional analysis, ploidy measurement and pathogen growth test, plants were grown at 22°C under a 12-h light and 12-h dark with 50% humidity. For dexamethasone (DEX; Sigma, https://www.sigmaaldrich.com/ united-states.html) treatment, DEX dissolved in ethanol at 30 mM as stock solution. Before use, the stock solution was diluted to 30 lm by water and 0.01% Silwet L-77 was added. The solution was then sprayed on whole seedlings.
Pathogen growth assay
Growth assay was performed as previously described (Gou et al., 2015) . The Pseudomonas syringae pv. tomato (Pst) strain DC3000 or Pst DC3000 AvrRPS4 were collected and diluted in 10 mM MgCl 2 with 0.02% Silwet L-77 to OD600+0.05. Two-week-old plants were dipped in the bacterial suspension for 10 sec. Plants were collected at 1 h (Day 0) or 3 days (Day 3) after inoculation. For each genotype, three replicates each with three whole seedlings were used to determine bacterial growth.
Transcriptional analysis
Total RNAs from plant tissues were extracted with Trizol Reagent (Life Technologies, https://www.thermofisher.com/us/en/home/bra nds/life-technologies.html). First-strand complementary DNA was synthesized from 2 lg of total RNA by AffinityScript one-Step RT-PCR Kit (Agilent, https://www.agilent.com/home). Primers for qRT-PCR are listed in Table S1 .
Yeast one-hybrid and chromatin immunoprecipitation (ChIP) analysis
Triple repeats of 1761-1711 bp upstream of the translation start site of SNC1 and 947 bp upstream of the translation start site of CYCD3;1 were cloned into pHISi vector (Clontech Laboratories, Inc.). TCP15 was cloned into the destination vector pDGADR using LR clonase (Invitrogen) and Y1H assays were performed according to the user manual of Yeast Protocols Handbook (Clontech Laboratories, Inc.).
ChIP analysis was performed in Arabidopsis protoplast system as previous described (He et al., 2013; Bao et al., 2014) . The coding regions of the TCP15 and MOS1 were cloned into destination vector pSATN1-GW using LR clonase (Invitrogen). Protoplasts were collected at 20 h after transformation. Immunoprecipitation (IP) experiments were carried out with anti-GFP monoclonal antibodies (Life Technologies). Primers for qPCR are listed in Table S1 .
Ploidy measurement
The method was largely performed as previously described (Arumuganathan and Earle, 1991) . Tissues were collected and chopped in 'Aru' buffer and filtered by CellTrics 30 mm filter (Partec North America). The nuclei solutions were stained with 50 mg ml À1 propidium iodide (Sigma) and measured in a BD Accuri C6 flow cytometer (BD Biosciences). Ploidy index (PI) was calculated by this formula: PI = (% 2C nuclei 9 1) + (% 4C nuclei 9 2) + (% 8C nuclei 9 3) + (% 16C nuclei 9 4) + (% 32C nuclei 9 5).
Split luciferase complementation assay
The coding regions of TCP15 and MOS1 was cloned into pDuExAc6 and pDuExD7 (Fujikawa and Kato, 2007) , respectively, in which the N-terminal of Renilla luciferase was fused to the Cterminal end of TCP15 and the C-terminal half of Renilla luciferase was fused to both the N-terminal and the C-terminal ends of MOS1. The protein pair was co-expressed in protoplast and the luciferase activity was detected by a luminometer (Biotek) every 5 min after addition of the substrate (Promega, ViviRen Live Cell substrate).
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